Unconventional operators require geomechanical reservoir characterization to improve well performance. Fit-for purpose solutions are needed to balance the accuracy of the solution and the time and cost involved to deliver products to ongoing operations. We show an example of the insight provided by analytical GM models constructed from well and seismic 3D data.
A company operating in the Montney play has experienced casing deformation in horizontal wells after hydraulic fracture stimulation. The occurrence of the casing deformation varies with location and formation and is primarily observed close to faults. A comprehensive dataset is available for the field that includes 3D seismic, multi-finger caliper data of the casing deformation, dipole sonic logs, image logs and mini-fracture data, making it an ideal candidate for investigating both the causation of the casing failure and the potential to use the 3D seismic to predict the risk of casing failure pre-drill.
The cause of the casing failure was postulated to be reactivation of pre-existing faults and fractures during fracture stimulation. Fault reactivation has been inferred to occur in the region based on the induced seismicity occurring during fracture stimulation treatments (Bao & Eaton, 2016) . The risk and slip sense of such reactivation can be calculated using a geomechanical model (Mildren et. al., 2005) . Consequently, calibrated 1D geomechanical models were constructed in order to test this hypothesis. The model was constructed on a vertical pilot well with two subsequent laterals. Both laterals were fracture stimulated and are drilled in opposite directions, sub-parallel to a fault. Casing deformation was observed in one lateral when milling out the plugs, while no such difficulties were encountered on the second lateral. The 1D geomechanical model accurately predicted the slip sense observed in the well with casing deformation and also the high risk of reactivation. However, the model did not explain the difference in the occurrence of deformation between the two laterals. Consequently, a 3D analytical geomechanical model was constructed using a workflow establishing a consistent property model between the 1D geomechanical model and the available seismic inversion results in order to investigate any variation in risk along the laterals away from the vertical calibration well.
The lateral with observed casing deformation was drilled in a zone of higher differential stress away from the vertical pilot, while the unaffected lateral was drilled in a zone of lower differential stress. The variations in differential stress appear to be a control on the risk of reactivation, directly correlating with variations in shear stress, and in turn, the magnitude of any failure event. The greater the stress anisotropy, the greater the magnitude of any of fault/fracture reactivation event and greater the risk of casing deformation. By building static 3D geomechanical models and understanding the variation in both risk of reactivation and maximum shear stress, it is possible to lower the risk of casing deformation pre-drill.
Introduction
The Montney formation requires fracture stimulation to achieve economic flow rates (Sereda and Fur, 2017) , which can be further enhanced by interaction with pre-existing fracture networks. However, variable stresses in the subsurface can cause casing deformation in various parts of this unconventional play. The impact of casing deformation can be severe, preventing post-stimulation milling of plugs and isolating fracture stimulated sections of the wellbore. As a consequence, potential production is lost, while still incurring the cost of drilling and stimulation. Changes to well placement and selection of stimulation zones can be made to avoid casing deformation pre-drill and pre-stimulation. Well based geomechanical models in the laterals are problematic to construct given the limited data typically acquired in the laterals. However, seismic data is available pre-drill and through inversion can be used to obtain the required elastic properties to build a geomechanical model using the poro-elastic equations (Plumb et. al., 2000) , which can in turn be used to determine the risk of casing deformation pre-drill.
Methodology
Building a 3D analytical geomechanical model requires the integration of a quantitative interpretation and 1D geomechanical model workflow. Constructing 1D geomechanical models using the poro-elastic horizontal stress equations requires elastic properties (Equation 1) which are commonly derived from acquired wellbore log data. These elastic properties can also be obtained from a seismic inversion, however, it is critical to ensure that the elastic properties derived from the inversion are consistent with the elastic properties used in the 1D geomechanical modelling to permit calibration and maximize the reliability of the result. This is best achieved through implementation of an integrated workflow ( Figure 1 ).
Data Selection
The wells with the optimum dataset for the seismic inversion may not be the same wells with an optimal dataset for the 1D geomechanical modelling which can lead to inconsistency in the final models. Consequently, ensuring the wells required for geomechanical analysis are included with the wells that are conditioned and used for the inversion is essential to maximize the reliability of the results.
The poro-elastic horizontal stress equations are calibrated using two strain terms. Creating a 3D analytical geomechanical model assumes that these strain terms don't vary significantly across the volume of the 3D model. The validity of this assumption is critical to determining if the analytical modelling is sufficient or if more complex 
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numerical modelling is required. This assumption can be tested by selecting wells that are geographically distributed across the volume and within different structural elements.
Rock Physics Modelling
The elastic logs may be affected by changes in fluid content and not all the required logs may be available. Rock physics modelling can be used to perform fluid substitutions on the elastic logs to remove these effects and also used to calculate any synthetic logs that are required. Furthermore, the rock physics modelling provides and insight into what properties can be reliably extracted from the seismic data, providing a decision point for the workflow if the required properties can't be reliably extracted from the seismic at the required resolution.
Rock Mechanical Properties
Building a 1D geomechanical model requires static elastic properties and rock strength, which can be calculated and using the elastic logs and calibrated using laboratory rock test data. The fluid substituted logs are used to calculate the dynamic Young's Modulus and Poisson's Ratio. These dynamic elastic properties are then converted to static elastic properties by calibrating to the laboratory rock test data. The rock strength properties are calculated using an empirical rock strength algorithm applicable to the area and calibrated to the laboratory rock test data.
1D Geomechanical Modelling
The 1D geomechanical models are calculated using the poro-elastic horizontal stress equations with the strain values calibrated to DFIT closure pressure measurements and the occurrence and non-occurrence of wellbore failure observed in image and caliper logs (Plumb et. al., 2000) . The strain values from different wells across the seismic volume are compared for consistency to determine the validity of using an analytical 3D solution.
Well Ties and Seismic Data Conditioning Geomechanical characterization in 3D requires accurate quantitative estimates of elastic properties. Seismic data conditioning is an important pre-inversion step in which calibration of the seismic is made to the known response at existing wells. This process includes angle stack formation, noise attenuation, scaling and wavelet estimation. Feasibility analysis can be carried out to understand the resolution limits of the data in providing the needed elastic properties.
Seismic Inversion
Equation 1: Poro-elastic equations used to calculate the maximum and minimum horizontal stress (Plumb et. al., 2000) . Seismic inversion encapsulates the process of transforming seismic data into 3D variations in elastic properties, importantly Young's modulus and Poission's ratio. Standard pre-stack simultaneous inversion was performed, involving the following steps: angle stack selection, low-frequency model construction, residual scaling analysis, constraint parameter testing. Particular attention was paid to constraining the density estimation, which is the parameter most susceptible to seismic noise and yet needed to calculate the Young's Modulus.
3D Geomechanical Model
The reliability of using the inversion results for 3D geomechanical modelling is first confirmed by extracting logs along the 1D geomechanical model wells and calculating the stresses and predicted failure using the same parameters as used for the initial 1D modelling. These predictions can be compared to the measured DFIT closure pressures and observed failure to better understand the reliability and resolution of the 3D modelling. The elastic property volume can then be converted from dynamic to static using the same algorithm as used for the 1D analysis. The resulting volumes can then be used to calculate stress volumes using the same strain parameters as the 1D models. These volumes can then be used to calculate the differential stress and maximum shear stress, which can in turn be used to understand the risk of likely casing failure.
Case Study
A comprehensive dataset is available for the field, with 3D seismic, multi-finger caliper data of the casing deformation, dipole sonic logs, image logs and mini-fracture data, making it an ideal candidate for investigation.
Rock physics modelling and fluid substitution was undertaken on the wells of interest and the conditioned logs used in the construction of 1D geomechanical models. The models were constructed using the poro-elastic horizontal stress equations (Plumb et. al., 2000) with the strain parameters calibrated to a mini-fracture closure pressure. The 3D seismic was inverted for Young's Modulus and Poisson's Ratio, creating a 3D property volume, which was then used to create a 3D analytical geomechanical model. A 1D geomechanical model was constructed for a vertical pilot on a pad with two laterals, one in the upper formation and one in the lower formation. The laterals are drilled in opposite directions, sub-parallel to a large fault. Both laterals have been hydraulically stimulated, but only the lateral in the lower zone has suffered casing deformation issues.
Approximate slippage planes were interpreted from the multi-finger caliper data giving both the orientation and slipsense of the shear failure leading to casing deformation (Figure 2 ). The orientations were consistent with local faulting and geological structure. The risk of reactivation was calculated using the 1D geomechanical model from the pilot well and compared to the injection pressures during stimulation. A good match was observed between the failure orientations, and predicted and observed slip sense (Figure 3 ), suggesting that shear failure of the pre-existing faults is the likely cause of the casing deformation. However, shear failure is also predicted in the lateral drilled in the upper zone in which no casing deformation was observed.
The geomechanical model in the pilot well shows lower stress anisotropy in the upper zone than the lower zone. The magnitude of the shear stress on planes of the same orientation is dependent on the stress anisotropy. Consequently, the magnitude of the shear stress is higher in the lower zone, increasing the risk of any shear failure resulting in casing deformation. However, the vertical location of the laterals varies along their length as do the elastic properties and stress.
The stress anisotropy along the laterals was compared using the stress anisotropy and maximum shear stress estimated from the 3D geomechanical model. The upper lateral was found to be consistently drilled in a zone with a lower differential stress and therefore lower maximum shears stress than the lateral drilled in the lower zone (Figure 4 ). This may explain why casing deformation isn't observed in the upper lateral compared to the lower lateral. 
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Conclusions
Variation in casing deformation can be explained by understanding the risk of reactivation, maximum shear stress and stress anisotropy, as it is the shear stress available that directly correlates with the magnitude of the failure event and the energy released. The greater the magnitude, the greater the risk of casing deformation. This is analogous to the risk of induced seismicity, where is it not just the occurrence, but the magnitude of the failure that is important. By ensuring consistent property models between 1D and 3D geomechanical models using an integrated workflow, an understanding of the variation in both risk of reactivation and maximum shear stress can be determined and used to potentially mitigate casing deformation and potentially, induced seismicity by extension.
